The ring opening bulk polymerization of ε-caprolactam catalyzed by Maghnite-H + was reported. Maghnite-H + is a montmorillonite silicate sheet clay was prepared through a straight forward proton exchange process. The effect of the amount of catalyst, and temperature was studied. Increasing Maghnite-H + proportion and temperature produced the increase in ε-caprolactam conversion. The kinetics indicated that the polymerization rate is first order with respect to monomer concentration. Mechanism studies showed that monomer inserted into the growing chains with the acyl-oxygen bond scission rather than the break of alkyl-nitrogen bond.
Introduction
Nylon is the first commercialized synthetic fiber, which is used throughout the world such as wearing apparel, brush bristles, and carpet because of its good properties [1, 2] . Poly (εcaprolactam) usually known as (nylon 6 or Polyamide 6) are an attractive class of nylons, and have been applied very widely due to their excellent tensile properties, low friction, high melting point, and chemical and wear resistance [3, 4, 5] , it is synthesized by ring open-ing polymerization of ε-caprolactam. The cationic polymerization of ε-caprolactam and its reaction mechanism has been studied for many years in the presence of cationic initiators [6] [7] [8] [9] [10] [11] . Various strong protonic acids able to promote the polymerization of ε-caprolactam have been reported [12] [13] [14] [15] [16] [17] [18] . The separation of the initiators from the polymer is not always possible. Therefore, the presence of toxic initiators presents problems in the manufacture of polymers used especially in medical and veterinary procedures.
There is still a great demand for heterogeneous catalysis under mild conditions and in environmentally friendly processes. Montmorillonites, a class of inexpensive and noncorrosive solid acids, have been used as efficient catalysts for a variety of organic reactions. The reactions catalyzed by montmorillonites are usually carried out under mild conditions with high yields and high selectivities, and the workup of these reactions is very simple; only filtration to remove the catalyst and evaporation of the solvent are required, maghnite-H + can be easily recovered and reused, after it has separated from the polymer, it was rinsed with water and dried by heating to a temperature above 100 °C and finally crushed [19, 20] . To ensure good performance, the Maghnite-H + can be reactivated with acid [21, 22] .
The novelty of this work is to propose a greener and more sustainable route in order to replace the hazardous acidic catalysts such as: H3PO4 [12, 17] and HCl [18] by modified clay of our region (Maghnite-H + ) for the synthesis of polyamide 6, a new, non-toxic cationic catalyst for heterocyclic monomers [23] , which is widely available, constitutes low costs and has excellent properties make it the subject of several research. The obtained results will be compared with those obtained previously with strong acids.
Techniques such as Infra Red (IR), Differential Scanning Calorimetry (DSC), Hydrogen and Proton Nuclear Magnetic Resonance ( 1 H NMR and 13 C NMR), were used to characterize the products of the reaction. The effects of catalyst/ monomer weight ratio and time on monomer conversion and polymer average molecular weight were also examined.
Materials and Methods

Materials
The ε-caprolactam (grade 99%) was used as purchased from Aldrich chemical. Diethyl ether and tetrahydrofuran were distilled over the blue benzophenone-Na complex. Formic acid (from Merck) used in all experiment was suprapure quality. Methanol was dried over magnesium sulphate MgSO4 and distilled. Raw-Maghnite: Algerian montmorillonite clay was procured from BENTAL (Algerian Society of Bentonite).
Preparation of Maghnite-H +
Maghnite-H + was prepared according to the process reported in our previous study [21, 22] . Raw-Maghnite (20 g) was crushed for 20 mn using a prolabo ceramic balls grinder. It was then dried for 2 h at 105 °C. The Maghnite was placed in an Erlenmeyer flask together with 500 ml of distilled water. The Maghnite/water mixture was stirred using a magnetic stirrer and combined with 0.25 M sulfuric acid solution, until saturation was achieved over 2 days at room temperature, the mineral was then washed with distilled water to became sulfate free and then dried at 105 °C, a test of the barium nitrate of the residue of rinsing water is needed to ensure that the sulfate is eliminated.
Procedures and Polymer Characterization Kinetics Procedure
The ring-opening bulk polymerization (i.e. in absence of solvent) of ε-caprolactam was carried out into a small Teflon tube, previously flushed with nitrogen, the tube was placed inside the reactor vessel which was lightly closed. The tube contains a mixture of 1.13 g (10 mmol) of ε-caprolactam and an amount of Maghnite-H + . The weight ratio Maghnite-H + /monomer was kept constant (at the desired value) for all experiences at different temperatures. Conversion was determined by grinding of polymer extracting in Soxhlet for 16 h with methanol for several times. The insoluble material was dried at 85 °C in vacuum for 8-10 h and weighed as polymer. The extracting methanol was then evaporated and the residue was extracted with diethyl ether. It was then assumed that the ether-soluble material was monomer and that oligomers formed the etherinsoluble material [24] .
Polymer Characterization
IR absorption spectrum was recorded on an ATI Matson FTIR No 9501165 spectrometer, the sample is prepared by cutting the appropriate amount using scissors which have been previously cleaned. It is then sprinkled into a matrix of KBr, and it is ground in an agate mortar. When a homogeneous mixture has been obtained it is compressed by applying a pressure of 10 tones. In this way a compressed disc is obtained which can be used to allow the corresponding spectrum.
The thermal behavior was investigated using a Setaram 92 DSC instrument. The specimen (approximately 8 mg) is placed into a standard aluminum sample pan, is then heated at a rate of 10 °C/min from 20 to 300 °C. It is important to use a dry nitrogen purge (50 mL/min) to avoid oxidative degradation while heating, the sample is then cooled back to 20 °C at a rate of 10 °C/min. The thermal parameters such as melting temperature (Tm) and heat of fusion (ΔHf) were determined from the corresponding transitions in the DSC thermogram.
Measurements of 1 H and 13 C NMR spectra molecular weight of polymer reach maximum values around 240-250 °C. On the other hand, with the increase in the reaction temperature above 250 °C the molecular weight of the obtained polymer and monomer conversion decrease progressively suggesting the possible occurrence of thermal degradation. It can be noted that above 260 °C, molecular weight distribution of the resulting polymer was broad suggesting the occurrence of thermal degradation of the polymers at the reaction temperature over 250 °C. On the basis of these results, subsequent polymerizations were carried out at 250 °C. was carried in bulk at 250 °C. It can be noted that increasing in weight ratio Maghnite-H + / εcaprolactam increases the conversion of monomer to polymer and decreases the molecular weight of the resulting polymer. This result shows the effect of Maghnite-H + as a cationic catalyst. Similar results are obtained by Belbachir et al. [14, 23, 29] in the polymerization of ε-caprolactone by Maghnite-H + , which polymerizes only by cationic process [30] .
Effect of Maghnite-H + /Monomer weight ratio
Polymerization using a weight ratio Maghnite-H + / ε-caprolactam of 5 % was carried out at 250 °C and the reaction was monitored at various times to study the evolution of monomer conversion and the molecular weight of the polymer with reaction time. The results are given in Table 2 .
The molecular weight increases with polymerization time and reaches a maximum after 15 h. The results show that between 3 and 15 h, molecular weight increases gradually and after 30 h, it decreases. This result suggests that intramolecular transesterification, i.e. ''back-biting'', which causes degradation and formation of cyclic oligomers and consequently may cause a decrease of the molecular weight [31, 32, 33] . On the other hand, the monomer conversion increase with the time and it can be noted that initially the polymerization proceeds very slowly; this can be considered as an induction period (2 h), which consumed approximately 5 % of the monomer. At the end of this period, the polymerization process becomes faster. were conducted by dissolving the sample in 2,2,2-trifluoroethanol with heating, then adding CDCl3 to the cooled solution to give a fraction 10-20 wt% of polymer in solvent mixture consisting of 4:1 ration of TFE to CDCl3, under ambient temperature, on a Bruker AC 250 instrument using tetramethylsilane (TMS) as internal standard.
Viscosity and Molecular Weight
Viscosity measurements were carried out with an Ubbelohde capillary viscosimeter (viscologic TI1, version 3-1 Semantec). Intrinsic viscosity, [η] (ml/ g), was measured at 25 °C in Formic acid. Viscosity -average molecular weight, Mv, was calculated according to the following equation [18] :
Gel-permeation chromatography was performed with a Spectra-Physics chromatograph, equipped with four columns connected in series, and packed with Ultrastyragel 10 3 , 10 4 , 10 5 , 10 6 Å. THF was used as solvent and the instrument was calibrated to a first approximation with polystyrene of known molecular weights.
Results and Discussion
Montmorillonites have both Brönsted and Lewis acid sites and when exchanged with cations having a high charges density, as protons, produce highly active catalysts for acidcatalysed reactions [25] . Intercalated organic molecules are mobile and can be highly polarized when situated in the space between the charged clay layers. These exchanged montmorillonites have been successfully used as catalysts for the reactions of polymerization [26] . The present study is also concerned with polymerization and examines the catalytic activity of an Algerian proton exchanged montmorillonite clay called ''Maghnite'' via εcaprolactam polymerization. The aim of this research is to extend the scope of other promising new field of polymer synthesis by the use of another catalyst system that has been shown to exhibit higher efficiency.
Ring-opening Polymerization of εcaprolactam
The ε-caprolactam is well known to be polymerized by strong protonic acids such as phosphoric acid and hydrochloric acid. The cationic polymerization of ε-caprolactam was examined in the presence of Maghnite-H + powder in bulk at different temperatures (Scheme 1).
The IR measurements of product are in a good agreement with poly (ε-caprolactam) structure (Figure 1) . It is shown that the broad band at 3301.8 cm -1 , usually assigned to the N-H bending vibration in primary amine. The two bands at 2930.31 and 2861.84 cm -1 are assigned to the C-H stretching of the ethylene sequence [27] . Moreover, the absorbance at 1645.9 cm -1 related to C=O amide I stretch, the intense band at 1045.23 cm -1 is assigned to the C-N stretching of aliphatic amine and the combination absorbance of the N-H and C-N amide II stretch at 1551.4 cm -1 are clearly observed [28] . Figure 2 shows DSC heating scans for pure poly (ε-caprolactam). The thermogram is characterized by only a peak at 219 °C during heating in the endothermic direction which corresponds to its fusion, and which is in agreement with data published earlier. Figure 1 . FT-IR spectrum of poly (ε-caprolactam) product of the reaction
Effect of Temperature
Kinetics and Mechanism of the Polymerization
To get more insight into the ε-caprolactam polymerization by Maghnite-H + , the kinetics of ε-caprolactam polymerization with Maghnite-H + in bulk has been studied. Figure 5 shows that the polymerization is accurately first-order with respect to monomer.
In order to study polymerization mechanism, a poly (ε-caprolactam) has been prepared and its 1 H and 13 C NMR spectra are shown in Figures 6 and 7 . 1 H NMR spectra of poly (εcaprolactam) showed a chemical shift of hydrogen-bonded protons at 8.5 ppm. Chemical shifts of the CH2 groups adjacent to the NH group and CO group were observed around 3.2 and 2.3 ppm, respectively. Chemical shifts of the remaining aliphatic CH2 protons were observed around 1.35 ppm ( 4 H) and 1.1 ppm ( 2 H) [34] . 13 C NMR spectra gave a peak at 176.93 ppm ppm. Chemical shifts of the CH2 groups adjacent to the NH group and CO group were observed around 3.2 and 2.3 ppm, respectively. Chemical shifts of the remaining aliphatic CH2 protons were observed around 1.35 ppm ( 4 H) and 1.1 ppm ( 2 H) [34] . 13 C NMR spectra gave a peak at 176.93 ppm corresponding to the carbon of the amido group. The peaks at 39.90 and 35.83 ppm correspond to the carbon atoms next to the amido groups (i.e. -CONHC*H2-and -C*H2CONH-, respectively), whereas the signals at 24.73, 25.92 and 28.80 ppm belong to the remaining aliphatic carbon atoms [35, 36] . Results of 1 H and 13 C NMR indicate that the monomer inserts into the growing chains with the acyl-nitrogen bond scission rather than the break of alkyl-oxygen bond (Scheme 2).
Conclusions
Maghnite-H + , a proton exchanged montmorillonite clay was effective initiator for the ringopening polymerization of ε-caprolactam. It allowed to obtain high molecular weight poly (εcaprolactam). and a reaction yield particularly high (up to 95%). The kinetics of polymerization demonstrated that the polymerization rate has the first-order in monomer concentration. Mechanism studies showed that monomer inserted into the growing chains with the acyloxygen bond scission rather than the break of alkyl-nitrogen bond. FTIR, 1 H NMR, and 13 C RMN spectroscopic studies did not indicate any significant difference in the structure between the obtained polymer and that obtained by strong acids. DSC showed a slight improvement in thermal stability compared to what is reported in the literature. In short, the optimal settings for the best results during the polymerization of ε-caprolactam by Maghnite-H + were: 250 °C as temperature, 15 h as time and 5 % as ε-caprolactam/Maghnite-H + weight ratio. 
